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Dermal thirdhand smoke exposure induces oxidative
damage, initiates skin inflammatory markers, and
adversely alters the human plasma proteome
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Summary

Background Thirdhand smoke (THS) exposure correlated with significant metabolism of carcinogenic chemicals
and the potential to cause detrimental health effects. Human harm research of THS exposure is limited to one other
study and overall, there is a general lack of knowledge of the human health responses to THS exposure.

Methods This was a clinical investigation to evaluate the health effects of 3-h dermal THS exposure from urine and
plasma. 10 healthy, non-smoking subjects were recruited for dermal exposure for 3 h exposed to clothing impreg-
nated with filtered clean air or THS. Exposures to clean air or THS occurred 20-30 days apart.

Findings In THS-exposed group, there was a significant elevation of urinary 8-OHdG, 8-isoprostane, protein carbon-
yls. The THS 3-h exposure identified proteomics pathways of inflammatory response (p=2.18 x 10~%), adhesion of
blood cells (p=2.23 x 10~ 3), atherosclerosis (p=2.78 x 109), and lichen planus (p=1.77 x 10~%). Nine canonical
pathways were significantly activated including leukocyte extravasation signaling (z-score=3.0), and production of
nitric oxide and reactive oxygen in macrophages (z-score=2.1). The THS 22-h proteomics pathways revealed inflam-
mation of organ (p=3.09 x 10~ %), keratinization of the epidermis (p=4.0 x 107), plaque psoriasis (p=5.31 x 1077),
and dermatitis (p=6.0 x 1077). Two activated canonical pathways were production of nitric oxide and reactive oxygen
in macrophages (z-score=2.646), and IL-8 signaling (z-score=2.0).

Interpretation This is a clinical study demonstrating that acute dermal exposure to THS mimics the harmful effects
of cigarette smoking, alters the human plasma proteome, initiates mechanisms of skin inflammatory disease, and
elevates urinary biomarkers of oxidative harm.

Funding Funding was provided by the Tobacco Related Disease Research Program (TRDRP) 24RT-0037 TRDRP,
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Research in context

Evidence before this study

We searched PubMed, Google Scholar, and Thirdhand
Smoke Research Consortium for all studies with the key-
words “thirdhand smoke”, “human”, “human harm”,
“clinical trial”, “clinical study”, “biomarkers”, “omics”, and
“skin”. Only one study appeared which was a previous
clinical study published from our lab of humans nasally
exposed to inhaled THS. There is not a single clinical
study of direct dermal THS exposure in humans that
studied urinary biomarkers of harm and plasma
proteomics.

[
v

Added value of this study

This is a clinical study that identified the molecular
adverse health effects of THS dermal exposure in
humans. These results provide urinary biomarkers and
plasma proteomics pathway analysis of the effects of
THS. These results demonstrate acute dermal THS expo-
sure is not only harmful to humans, but also has the
potential to initiate diseases.

Implications of all the available evidence

These results will aid physicians in the diagnosis of
patients exposed to THS and guide future research in
the molecular mechanisms of THS toxicity. Our study
aids in the molecular understanding of the effects of
THS on the skin and may aid in the development of reg-
ulatory policies dealing with remediation of indoor envi-
ronments contaminated with THS.

embryonic stem cells.® Cytotoxicity of THS in the MTT
assay was attributable to acrolein.” THS also produced
DNA strand breaks in human liver (HepG2)® and
caused metabolomic changes consistent with an antioxi-
dant response in male reproductive cells.” Mice exposed
to THS fabric in their cages had increased liver lipids
and non-alcoholic fatty liver disease, excess collagen and
increased inflammatory cytokines in their lungs, and
decreased wound healing capacity.’® THS-exposed mice
showed increased platelet aggregation and hyperactivity,
which increased the risk for thrombosis.”" A 4-week
THS-exposure in mice increased the risk of lung cancer
incidence,” and another mouse metabolomics study
showed liver damage attributed to oxidative stress.”
Clinical research on harm caused by THS is limited
to two studies. One study evaluated the relationship
between THS exposure of people living in homes of
smokers and the risk of cancer. They measured nitros-
amines in house dust, estimated a lifetime exposure,
and found a greater cancer risk if people were exposed
at a young age."* A second study analysed gene expres-
sion in nasal epithelium following acute inhalation of
THS emitted from a controlled chamber. Affected genes
were associated with increased mitochondrial activity,

oxidative stress, DNA repair, cell survival, and inhibition
of cell death,” showing that humans respond to inhaled
THS chemicals. However, no studies have been done
on humans exposed dermally.

The three main routes of THS exposure are inhala-
tion, ingestion, and dermal. Skin is the largest organ to
contact THS and may receive the greatest exposure. The
purpose of our crossover clinical investigation was to
assess the potential health effects of dermal exposure to
THS by measuring biomarkers of oxidative stress in
urine and plasma and changes in the plasma proteome.
Ten healthy, adult nonsmokers wore clothing impreg-
nated with THS for 3 h with 15 min of exercise in each
hour to induce perspiration. Control exposure participants
wore clean clothing for the same time with the same
exercise. Urine samples collected before exposure, imme-
diately after exposure (3 h), at 8 h, the next morning, and
22 h after exposure were analysed for biomarkers of expo-
sure and harm, and the plasma proteome was analysed to
identify effects on protein expression.

Methods

Study protocol and ethics

The study CONSORT diagram describes the protocol,
participant’s exposure, and sample collection (Figure 1).
The study was approved with patient informed consent
by the human research protection program Institutional
Review Board (IRB#15-17009) by the San Francisco
General Hospital Panel. Participant demographics (See
Supplementary 1 Table 1), participant inclusion and
exclusion criteria (See Supplementary 2, Clinical Proto-
col and Statistical Analysis), and sample analysis work-
flow (See Supplementary 1 Figure 1) are provided.

Study interventions

Briefly, 10 healthy, non-smoking subjects participated
in a cross-over, randomised, unblinded study wearing
clothing with or without THS for 3 h in the Human
Exposure Laboratory at the San Francisco General Hos-
pital. To increase dermal uptake, all participants exer-
cised on a treadmill for 15 min/h to induce perspiration.
The order of the exposures was randomised and sepa-
rated by 20-30 days. Each participant received both
exposures. The protocol for generating the clothing was
described previously.'® Urine and plasma were collected
before exposure (o h) and at 3 and 8 h after the start of
exposure, upon waking the next morning, and at 22 h
after the start of exposure. Samples were centrifuged,
aliquoted, stored at -80°C, and shipped frozen to UCR
for analysis.

Urine samples from o, 3, 8, and 22 h were analysed
for biomarkers and a subset of plasma samples from 5
participants, collected at o, 3, and 22 h, were analysed
by proteomic methods.
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Figure 1. The study CONSORT diagram describes the protocol, participant’s exposure, and sample collection. 10 healthy sub-
jects were selected for a cross-over clean air or THS exposure for 3 h (exposures were separated 20-30 days apart). Urine and plasma
were collected at pre-determined timepoints up to 22 h and analysed for urinary biomarkers of harm and global plasma proteomics.
Proteomics results from the exposures were analysed for changes to canonical and disease pathways by IPA.

Sample size calculation

Sample size was determined based on the number of
people sufficient to detect increases in markers of
inflammation in previous studies of secondhand ciga-
rette smoke exposure'”'® (See Supplementary 2, Clini-
cal Protocol and Statistical Analysis).
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Data collection and statistical analysis

Urinary biomarker statistics. We conducted a repeated
measures analysis using the mixed effects model in
Prism 9.0 (GraphPad) because the urinary biomarker
concentrations were collected over time from each
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participant. There are two fixed factors in the mixed
effects model we used: “time” (baseline, 3 h, 8 h, first
morning or 22 h) and “treatment” (clear air or THS),
and we have repeated measures in both factors. Before
we carried out the repeated measures analysis in Prim
9.0 (GraphPad), we also applied the log transformation
to the data in order for the assumptions of the mixed
effects model we used to be met. After the repeated
measures analysis using the mixed effects model was
performed on the log-transformed data, we checked the
significance of the factor “treatment” and it was found
significant in all the urinary biomarkers (8-OHdG, 8-
isoprostane and protein carbonyls). This indicates that
the overall concentrations of the three urinary bio-
markers over time are significantly different between
clean air and THS. To find out at which time points the
concentrations of the urinary biomarkers were signifi-
cantly different between clean air and THS, we per-
formed the following post-hoc multiple comparisons
with Bonferroni correction in Prism 9.0 (GraphPad):
clean air baseline vs THS baseline, clean air 3 h vs THS
3 h, clean air 8 h vs THS 8 h, clean air first morning vs
THS first morning, and clean air 22 h vs THS 22 h.
Results of those comparisons with Bonferroni adjusted
p-values were reported in the Results Urinary Bio-
markers of Potential Harm section. Biomarker graphs
were made in Prism 9.0 (GraphPad). Significance is
denotated as * p < 0.05, ** p < 0.01, *** p < 0.00I

Urinary biomarkers of potential harm. Urinary bio-
markers were normalised to creatinine. 8-OHdG was
measured using a DNA Damage ELISA Kit (SKT-120,
Stress Marq Biosciences), following a 1:20 dilution. 8-
isoprostane was measured following a 1:4 dilution using
a Urinary 8-Isoprostane ELISA kit (8isoU1, Detroit
R&D). Protein was quantified in 1:10 or 1:20 dilutions
using the Pierce BCA Protein Assay Kit (23225, Ther-
mofisher Scientific). Protein carbonyls were analysed
using a Protein Carbonyl Assay Kit (ab126287, Abcam)
protocol with reagents that were ordered separately.
Total oxidized protein (nmol/ml) was normalised to the
total protein concentration (mg/ml). Any datapoints
that fell outside the limits-of-detection were removed
from analysis. There was no effect due to gender or age.

Plasma proteomics sample preparation

The serum samples were solubilized in 50 PL of solubi-
lization buffer and subjected to reduction/alkylation
/tryptic proteolysis using suspension-trap (ProtiFi) devi-
ces. S-Trap is a powerful Filter-Aided Sample Prepara-
tion (FASP) method that traps acid aggregated proteins
in a quartz filter prior to enzymatic proteolysis.
Disulfide bonds were reduced with dithiothreitol
and alkylated (in the dark) with iodoacetamide in
50 mM triethylammonium bicarbonate (TEAB) buffer.

Digestion was done by addition of trypsin n:100
enzyme: protein (wt/wt) for 4 h at 37°C, followed by a
boost addition of trypsin using the same wt/wt ratios
for overnight digestion at 37°C. Peptides, still in the
S-Trap, were eluted using sequential elution buffers of
100 mM TEAB, 0.5% formic acid, and 50% acetonitrile
0.1% formic acid. The eluted tryptic peptides were dried
in a vacuum centrifuge and re-constituted in 0.1% tri-
fluoroacetic acid. The peptide extracts were reduced by
vacuum centrifugation and a small portion of the extract
was used for fluorometric peptide quantification
(Thermo Scientific Pierce). One microgram of sample
based on the fluorometric peptide assay was loaded for
each LC-MS analysis.

Liquid chromatography tandem mass spectrometry
Peptides were desalted and trapped on a Thermo Pep-
Map trap and separated on an Easy-spray 100 pm x
25 cm C18 column using a Dionex Ultimate 3000 RSLC
at 200 nL/min. Solvent A = 0.1% formic acid, and sol-
vent B = 100% acetonitrile 0.1% formic acid. Gradient
conditions = 2% B to 50% B over 60 min, followed by a
50%—99% B in 6 min, then held for 3 min, then 99%
B to 2% B in 2 min with a total run time of 9o min
using a Thermo Scientific Fusion Lumos mass spec-
trometer. Two data acquisition modes were employed:
data-dependent analysis DDA and data-independent
analysis, DIA. The DDA mode was used to build spec-
tral libraries, which were used to perform deep searches
on the samples, run in DIA mode. To obtain the DDA
runs, we pooled peptides from all our thirdhand smoke
samples. Then, this pooled sample was divided, and
eight DDA injections were performed. MS data for sam-
ples run in DIA mode cover the entire range of m/z
400—1200. Both DDA and DIA data were acquired
using a collision energy of 35, resolution of 30 K, maxi-
mum inject time of 54 ms and a AGC target of 50 K,
using staggered isolation windows of 12 Da.

Mass spectrometry data analysis

DIA data were analysed using Spectronaut (v.13, Biog-
nosis) using the classic analysis DIA workflow with
default settings. Prior to library-generation and analysis
of the DIA LCMS runs, all raw files were converted into
htrms files using the Htrms converter (Biognosys). MS1
and MS2 data were centroided during conversion, and
the other parameters were set to default. A deep DDA
spectral library was first generated by submitting the
htrms files of the DDA gas-phase separation LCMS
runs to a library generating step in Spectronaut. This
uses the Pulsar search engine, and all DDA runs are
searched against the Homo sapiens sequence database
-Uniprot UPooo05640. The DIA htrms files were sub-
mitted for identification/quantitative analysis to Spec-
tronaut, using the previously generated deep DDA
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spectral library (see above) and the reviewed Uniprot
FASTA for Homo Sapiens, UPooo05640. Default set-
tings were used to perform this quantitative data analy-
sis with the two libraries. Briefly, calibration was set to
non-linear iRT calibration with precision the iRT
selected. DIA data were matched against the above-
described spectral library supplemented with decoys
(library size fraction of o.1), using dynamic mass
tolerances.

Quantitative and statistical analyses were performed
by processing protein peak areas determined by the
Spectronaut software. The DIA data were processed for
relative quantification comparing peptide peak areas
from different conditions. For the DIA MS2 data sets,
quantification was based on XICs of 3-6 MS/MS frag-
ment ions, typically y- and b-ions, matching to specific
peptides present in the spectral library. Interference cor-
rection was enabled on MS1 and MS2 levels. Precursor
and protein identifications were filtered to 1% FDR, esti-
mated using the mProphet algorithm, 74 and iRT profil-
ing was enabled. Quantification was normalised to local
the total ion chromatogram. Statistical comparison of
relative protein changes was performed with paired t-
tests. Finally, proteins identified with less than two
unique peptides were excluded from the assay. The sig-
nificance level was g-value less than 0.05%, and log2
ratio more than 0.58. Both DIA analysis results were fil-
tered within Spectronaut by a 1% false discovery rate on
the peptide and protein level using a target-decoy
approach, which corresponds to a Q value <o.o1.

Plasma proteomics analysis
Five subjects with increased urinary biomarkers of
potential harm were selected for plasma proteomics,
performed by a Fusion Lumos Mass Spectrometer (Invi-
trogen). Proteins were referenced by the PanHuman
database containing 399 total proteins. Significantly
expressed proteins were identified using a threshold
cut-off of +1.5 log, fold change and a 1% false detection
rate. To determine significant protein expression
between the clean air and THS groups at different time-
points, the subjects were compared as follows: baseline
(clean air o h vs THS o h), clean air 3 h (clean o h vs
clean air 3 h), clean air 22 h (clean air o h vs clean air
22 h), THS 3 h (THS o h vs THS 3 h), and THS 22 h
(THS o h vs THS 22 h). The list of proteins analysed in
each group are provided (See Supplementary 1 Table 2).
Biological processes, networks, and pathways were
analysed using Gene Ontology (GO) and Ingenuity
Pathway Analysis (IPA). In GO analysis, significant pro-
cesses were identified by a p<o.03, and in IPA signifi-
cant pathways were identified with a z-score of +2.0 to
indicate pathway direction. A principal component anal-
ysis suggested that two (361 and 360) of the five subjects
were less responsive to THS exposure (See Supplemen-
tary 1 Figure 2). To gain a better understanding of the
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health of effects of THS, the three responsive subjects
(234, 364, 370) were further analysed. Similar variations
in response have been reported in proteomic studies of
cancer biomarkers in cigarette smoker’s plasma.™

Proteomics data sharing
All proteomics data was publicly available and uploaded
to ftp://massive.ucsd.edu/MSVo00089435/.

Participant and public involvement

No participants were involved in the design of the
research or the outcome measures, nor were they
involved in developmental plans for recruitment, imple-
mentation, or interpretation of the study. Participant
were provided with informed consent prior to the start
of the study.

Role of funder
The funder had no role in the study design, data collection,
data analyses, interpretation, or writing of this report.

Results

Participants

This study was completed in 2018 when the target of 16
participants was met. Six subjects (37.5%) did not pro-
vide samples at all the timepoints or did not provide suf-
ficient sample to complete all the experiments. The 10
(62.5%) remaining participants were selected for uri-
nary biomarker analysis and were well matched in age
and gender, and five (31.2%) participants were further
analysed for plasma proteomics (See Supplementary 1
Table 1).

Primary outcomes

Urinary biomarkers of potential harm. 8-OHdG. Uri-
nary 8-OHdG is a biomarker of DNA oxidation. There
were no significant differences between 8-OHdG con-
centrations in the baseline THS group (100 + 81.1 SD
ng/mg) and clean air group (78.9 £ 48.0 SD ng/mg)
(p = 0.99, mixed effects model), at the 8 h timepoint in
the THS group (210.7 £ 242.2 SD ng/mg) and clean air
group (135.6 + 107.1 SD ng/mg) (p=0.99, mixed effects
model), and neither the first morning timepoint in the
THS group (196.6 £ 134.0 SD ng/mg) and clean air
group (94.3 = 66.6 SD ng/mg) (p=0.36, mixed effects
model). At 3 h the THS group (223.1 &+ 170.0 SD ng/
mg) compared to the clean air group (86.1 + 80.6 SD
ng/mg) (p = 0.02, mixed effects model), and at 22 h the
THS group (172.7 £ 175.9 SD ng/mg) compared to the
clean air group (36.r £ 17.4 SD ng/mg) (p = 0.003,
mixed effects model) the concentrations of 8-OHdAG
were significant (Figure 2A).


http://ftp://massive.ucsd.edu/MSV000089435/
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Figure 2. The THS-exposed subjects (n = 10) had significantly elevated urinary 8-OHdG, 8-isoprostane, and protein carbon-
yls compared to their clean air exposure timepoints. a. 8-OHdG concentrations (ng/mg of creatinine) at baseline, 3 h, 8 h, first
morning collection, and 22 h, respectively. b. 8-isoprostane concentrations (pg/mg of creatinine) at baseline, 3 h, 8 h, first morning
collection, and 22 h, respectively. c. Protein carbonyl concentrations (nmol/mg of creatinine) at baseline, 3 h, 8 h, first morning col-
lection, and 22 h, respectively. The mean and standard deviation are reported. * p < 0.05, ** p < 0.01, *** p < 0.001 (mixed effects
model).

8-Isoprostane. Urinary 8-isoprostane is a biomarker of  group (42.3 & 47.8 SD pg/mg) (p = 0.99, mixed effects
lipid peroxidation. At baseline, there were no significant ~ model), and neither at the 8-h timepoint between the
differences in 8-isoprostane concentrations between the ~ THS group (105.3 £ 115.7 SD ng/mg) and clean air
THS group (45.6 £ 33.4 SD pg/mg) and the clean air  group (37.4 + 23.1 SD pg/mg) (p = 0.12, mixed effects
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model). There were significant increases of 8-isopros-
tane concentration in the THS group compared to the
clean air group at times: 3 h in the THS group (179.7 +
195.5 SD ng/mg) and clean air group (34.5 &+ 277.7 SD
ng/mg) (p = o.oo1, mixed effects model), first morning
in the THS group (99.1 £ 70.3 SD ng/mg) and clean air
group (14.7 + 13.3 SD ng/mg) (p = 0.0002, mixed
effects model), and 22 h in the THS group (106.9 +
55.0 SD ng/mg) and clean air group (26.2 £+ 23.5 SD
ng/mg) (p = 0.0003, mixed effects model) (Figure 2B).

Protein carbonyl. Urinary protein carbonyl is a bio-
marker of protein oxidation. There were no significant
differences in protein carbonyl concentration at baseline
between the THS group (4.1 + 1.2 SD nmol/mg) and
the clean air group (3.2 & 1.1 SD nmol/mg) (p = 0.64,
mixed effects model). In contrast, there were significant
increases in protein carbonyls at 3 h between the THS
group (6.9 % 3.5 SD nmol/mg) and clean air group (3.8
=+ 1.1 SD nmol/mg) (p = 0.02, mixed effects model), at
8 h between the THS group (6.9 + 4.2 SD nmol/mg)
and clean air group (3.4 %+ 1.7 SD nmol/mg) (p = 0.006,
mixed effects model), in the first morning between the
THS group (6.3 & 3.6 SD nmol/mg) and clean air group
(2.9 = 0.9 SD nmol/mg) (p = 0.004, mixed effects
model) and 22 h between the THS group (5.9 £ 2.5 SD
nmol/mg) and clean air group (3.2 £ 1.9 SD nmol/mg)
(p = 0.007, mixed effects model) (Figure 2C).

Urinary biomarker of exposure

Cotinine. All THS participants had elevated urinary
cotinine at 8 h (p = 0.01, paired t-test), first morning col-
lection (p = o.05, paired t-test), and 22 h (p = 0.04,
paired t-test), indicative of nicotine exposure (See Sup-
plementary 1 Figure 3).

Gene ontology

Proteins with >1.5-fold log change in expression from
the THS 3 and 22-h comparison were analysed by GO
which identified 13 biological processes in the 3-h group
and 15 biological processes in the 22-h group that could
be affected by THS exposure (Figure 3A, B). In the THS
3-h group, significant biological processes included
“actin polymerization or depolymerization”, “platelet
aggregation”, “IL-12 mediated signaling”, “homotypic
cell-cell adhesion”, and “positive regulation of ROS met-
abolic process” (Figure 3A). In the THS 22-h exposure,
biological processes included “endothelial cell devel-
opment”, “opsonization”, “epithelial cell maintenance”,
“protein localization to the endosome”, “membrane to
membrane docking”, “leukocyte aggregation” and
“leukocyte cell-cell adhesion” (Figure 3B).
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IPA networks and associated diseases or functions

The top IPA-scored network from the THS 3-h exposure
was “cell-to-cell signaling and interaction, cellular func-
tion and maintenance, and infectious disease pathways”
(Figure 3C). Extracellular signal-regulated kinase 1/2
(ERK1/2) was predicted to be central to these signaling
pathways. Some diseases and functions associated with
the THS 3-h network were inflammatory response,
engulfment and phagocytosis of myeloid cells and phag-
ocytes, engulfment of blood cells, and atherosclerosis
formation. (Figure 3E). The top IPA scored network
from the THS 22-h exposure was related to organismal
injury and abnormalities, inflammatory response, and
infectious disease. Heat shock protein 9o (Hspgo) was
central to signaling proteins in this network. Diseases
associated with this network were “inflammation of
organs”, “keratinization of epidermis”, “plaque psoriasis”,
“dermatitis”, and “exanthem of skin” (Figure 3F).

IPA regulator effect networks

IPA identified two regulator effect networks in the THS
3-h data. The first was composed of three upstream reg-
ulators (TP63, BRD4, or VIPAS39) that predictively acti-
vated seven proteins (Figure 4A). This activation may
increase adhesion of cells, cell movement of leukocytes,
hemostasis, activation of cells, and homing of cells
(Figure 4A). The other regulator effect network pre-
dicted SMARCA4 to activate five proteins that cause
proliferation of immune cells (Figure 4B). There were
no other regulator networks discovered for the other
exposures.

Canonical pathway analysis using IPA

Baseline, clean air 3 and 22-h pathways. The baseline
comparison was performed to identify protein baseline
differences between the clean air and THS data, and
only one significant canonical pathway was identified,
indicating that the biological changes were caused by
THS exposure (Table 1). The clean air exposures were
performed as a control, but also to determine the poten-
tial effects of exercise. In the clean air 22-h exposure
“metabolism of reactive oxygen species” was elevated
affirming exercise-induced ROS>°; however, because no
urinary biomarkers of oxidation in the control group
were elevated, this suggests that there was a homeo-
static redox rate. Any further ROS damage was due to
THS exposure. Also, no plasma inflammatory bio-
markers were found to be elevated in the clean air expo-
sure (See Supplementary 1 Figure 4).

THS 3 and 22-h canonical pathways. The canonical
pathway analysis revealed some similarities in the
changes caused by THS exposure at 3 and 22 h. In the
baseline to THS 3-h comparison, IPA identified ten
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Figure 3. Gene ontology biological processes and IPA’s predicted network activity at 3 and 22-h after THS exposure. a,b.
Gene Ontology biological processes ranked by the gene enrichment score at THS 3 and 22 h. ¢,d. IPA’s top predicted network activ-
ity at the THS 3 and 22-h time point. ef. IPA’s predicted diseases and functions associated with their THS 3- and 22-h network,
respectively.
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Figure 4. Upstream regulator effects predicted in the THS 3-h group by IPA. a. Predicted activation of cells, adhesion of blood
cells, cell movement of leukocytes, hemostasis, and homing of cells pathways. Proteins elevated in our subjects were S100 calcium
binding protein A8 (S100A8), von Willebran factor (VWF), pro-platelet binding protein (PPBP), (intracellular adhesion molecule 1)
ICAM1, (thrombospondin 1) THBS1, (fibronectin 1) FN1, and (platelet factor 4) PF4 that were predicted to be regulated by (tumor
protein p63) TP63, (bromodomain-containing protein 4) BRD4, or (spermatogenesis-defective protein 39 homolog) VIPAS39. b. Pre-
dicted proliferation of immune cells pathway. Proteins elevated in our subjects were FN1, (complement factor properdin) CFP,
(immunoglobulin heavy constant gamma 1) IGHG1, ICAM1, and (insulin-like growth factor 1) IGF1 that were predicted to be regu-
lated by (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 4) SMARCA4.

significant canonical pathways, which included
“production of nitric oxide and ROS in macrophages”,
“leukocyte extravasation signaling”, and “cardiac hyper-
trophy” (Table 1). The THS 22-h group had four signifi-
cant canonical pathways which correlated with our
biomarker results and included production of “nitric
oxide and ROS in macrophages”, “leukocyte extravasa-

tion signaling”, and “IL-8 signaling”.

www.thelancet.com Vol 84 October, 2022

THS 3 and 22-h disease and bio functions. A “Disease
and Bio Functions” analysis was performed in IPA,
Fourteen “Disease and Bio Functions” were activated in
the THS 3-h comparison, and these included “cell move-
ment”, “migration of cells”, cell movement of leuko-
cytes, lymphocytes, and phagocytes, “adhesion of blood
cells”, and “hemostasis”. IPA predicted nine Bio Func-
tions for the THS 22-h group, which included “cell
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Timepoint Canonical pathways Z-score Predicated activation
state
Baseline (clean air 0 h vs THS 0 h)
Huntington’s Disease Signaling -2 Decreased
Clean Air 3 h (clean air 0 h vs clean air 22 h)
RhoGDI Signaling 2 Increased
Huntington’s Disease Signaling -2.236 Decreased
Integrin Signaling -2.236 Decreased
Actin Cytoskeleton Signaling -2.449 Decreased
Clean Air 22 h (clean air 0 h vs clean air 22 h)
Fcy Receptor-mediated Phagocytosis in -2 Decreased
Macrophages and Monocytes
Xenobiotic Metabolism PXR Signaling Pathway -2 Decreased
Huntington’s Disease Signaling -2.236 Decreased
THS 3 h (THS 0 h vs THS 3 h)
Leukocyte Extravasation Signaling 2.828 Increased
RhoA Signaling 2714 Increased
Actin Cytoskeleton Signaling 2673 Increased
Paxillin Signaling 2.449 Increased
Signaling by Rho Family GTPases 2333 Increased
Coronavirus Replication Pathway 2.236 Increased
Tumor Microenvironment Pathway 2.236 Increased
Production of Nitric Oxide and Reactive Oxygen 2121 Increased
Species in Macrophages
Cardiac Hypertrophy Signaling 2 Increased
Phospholipase C Signaling 2 Increased
THS 22 h (THS 0 h vs THS 22 h)
Production of Nitric Oxide and Reactive Oxygen 2.646 Increased
Species in Macrophages
Huntington’s Disease Signaling 2 Increased
MSP-RON Signaling In Cancer Cells Pathway 2 Increased
IL-8 Signaling 2 Increased
Table 1: Predicted significant IPA canonical pathways for each comparison group.

movement”, “migration of cells”, “cell spreading of
tumor cell lines”, “cell movement of phagocytes”,
“vasculogenesis”, and “angiogenesis” (Table 2).

Western blot for integrin-linked kinase (ILK) and beta-
3 integrin

To validate the proteomics data, Western blots were per-
formed on plasma from the subjects used in the proteo-
mics study. There were similar increases in ILK and
beta-3 integrin expression at the 3- and 22-h THS expo-
sures and no change in the clean air exposure (See Sup-
plementary 1 Figures 5, 6).

Discussion

This proof-of-concept human clinical study identified
molecular pathways and potential health risks associ-
ated with dermal exposure to THS, which is likely the
main route of uptake of THS chemicals from the

environment. Acute THS exposure caused elevation of
urinary biomarkers of oxidative damage to DNA, lipids,
and proteins, and biomarkers remained high after expo-
sure stopped. Cotinine, a nicotine metabolite, was sig-
nificantly elevated in the urine of THS subjects after
8 h, verifying systemic organ exposure to THS chemi-
cals. Proteomics analysis detected differences between
the THS and clean air exposures consistent with oxida-
tive damage caused by THS toxicants, and implicated
activation of the pro-inflammatory innate immune sys-
tem, which initiated molecular risk factors for inflam-
matory skin disease.

Cigarette smoking increases inflammation,*
recruits leukocytes to injured tissue,*” and stimulates a
pro-inflammatory immune response.** Smoking is also
a risk factor for thrombosis-induced stroke because it
elevates red blood cell counts®# and forms sticky fibrin
clots.” Like cigarette smoking, THS exposure activated
functional pathways characteristic of an innate immune

» o«

response (e.g., “inflammatory response”, “inflammation

www.thelancet.com Vol 84 October, 2022
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Timepoint Disease and biological functions Z-score Predicated activation state
Baseline (clear air 0 h vs THS 0 h) Binding of mononuclear leukocytes 1.964 Increased
Lymphocyte migration 1.962 Increased
Proliferation of cancer cells -1.964 Decreased
Viral Infection -2.025 Decreased
Vasculogenesis -2.157 Decreased
Growth of connective tissue -2.204 Decreased
Clean Air 3 h (clean air 0 h vs clean air 3 h)
Survival of vascular cells -2 Decreased
Formation of actin stress fibers -2.2 Decreased
Survival of sarcoma cell lines -2.201 Decreased
Clean Air 22 h (clean air 0 h vs clean air 22 h)
Migration of granulocytes 2.207 Increased
Metabolism of reactive oxygen species 2,02 Increased
Apoptosis of endothelial cell lines -1.98 Decreased
Formation of actin filaments -2.207 Decreased
Formation of filaments -2.207 Decreased
Chemotaxis of phagocytes -2.23 Decreased
THS3 h (THSO h vs THS 3 h)
Cell movement 2.892 Increased
Activation of cells 2.701 Increased
Cell movement of leukocytes 2.684 Increased
Migration of cells 2.631 Increased
Leukocyte migration 2618 Increased
Cell movement of mononuclear leukocytes 2615 Increased
Adhesion of blood cells 2471 Increased
Cell movement of lymphocytes 2.233 Increased
Organization of cytoplasm 2.231 Increased
Organization of cytoskeleton 2.231 Increased
Hemostasis 2.203 Increased
Homing of cells 2.093 Increased
Proliferation of immune cells 2.088 Increased
Proliferation of mononuclear leukocytes 2.088 Increased
Cell spreading 2.068 Increased
Chemotaxis 2.059 Increased
Adhesion of immune cells 2.001 Increased
THS 22 h (THS 0 h vs THS 22 h)
Vasculogenesis 3.087 Increased
Cell spreading 2.795 Increased
Cell movement 2.759 Increased
Cell spreading of tumor cell lines 2.646 Increased
Angiogenesis 245 Increased
Migration of cells 2.342 Increased
Proliferation of blood cells 2.155 Increased
Cell movement of phagocytes 2135 Increased
Activation of cells 2.046 Increased
Table 2: Predicted significant IPA disease and biological functions for each comparison group.

of organ”, “leukocyte migration”, “proliferation of
immune cells”, and “phagocytosis by myeloid cells”).
IPA predicted two upstream regulatory pathways from
the THS 3-h exposure, which included “elevated
hemostasis”, “adhesion of blood cells”, “cell activation”,
“movement of leukocytes and homing of cells” and
“increased proliferation of immune cells”. IL-6, a pro-
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inflammatory cytokine, was significantly higher after 3-
h exposure to THS and remained elevated at 22 h. Simi-
lar increases in inflammatory cytokines occurred in a
3D model of human epidermis (EpiDerm) exposed to
the residue from exhaled electronic cigarette aerosol.”®
Furthermore, the top scored biofunctions network were
“inflammatory response” at 3 h and “inflammation of

1
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organs” at 22 h. Together, our results demonstrate that
exposure to THS increases hemostasis (“adhesion of
blood cells”) and initiates a pro-inflammatory response,
which are risk factors for thrombosis.

Upregulation of “RhoA signaling” and “signaling of
Rho family GTPases” in the 3-h THS exposure group
provides further evidence for activation of the innate
immune system. RhoA, a member of the RhoA GTPase
family, regulates actin cytoskeletal organization,”” NF-
«B transactivation,”® and IL-8 synthesis in endothelial
cells.”® Exposure of human epithelial cells to cigarette
smoke extract for 3 h activated a RhoA-dependent NF-
«B signaling pathway that stimulated pro-inflammatory
cytokine production.’® Similarly, the 3-h THS exposure
increased RhoA signaling, which activated “actin cyto-
skeleton signaling” and pro-inflammatory cytokine “IL-
8 signaling” the next day. Macrophages produces large
amounts of ROS from their “oxidative burst”" and simi-
larly in both THS exposures “production of nitric oxide
and reactive oxygen species in macrophages” were ele-
vated. The pro-immune system is likely to contribute to
the elevation of urinary biomarkers of oxidative harm in
the THS exposure. These results support the idea that
THS exposure mimics the oxidative damage and immune
activation previously observed in cigarette smokers.*"**3*

Our THS exposures were brief, did not cause skin
irritation, and were unlikely to induce skin disease, nev-
ertheless markers associated with early-stage activation
of contact dermatitis, psoriasis and other skin condi-
tions were elevated. Allergic contact dermatitis is a rash
caused by an immune reaction to materials that touch
the skin,*®> and psoriasis is characterised by cutaneous
plaques caused by inflammatory infiltrates and epider-
mal hyperproliferation.’* Psoriasis is linked to genetic
susceptibility and can be triggered by environmental fac-
tors.>® These skin diseases have been linked to cigarette
usage**3® and markers of both diseases were elevated in
the plasma from subjects exposed to THS. At 22-h after
THS exposure, the proteomics data showed higher con-
centrations of markers associated with “keratinization of
the epidermis”, “plaque psoriasis”, “dermatitis”, and
“exanthem of the skin”. Concentrations of keratin 5
(KRTs) and keratin 14 (KRT14), the major cytokeratins of
the epidermis, were elevated 22-h after THS exposure.
Repeated cigarette exposure to epithelial cells produced
similar increases in KRT5 and KRT14,” which are bio-
markers linked to inflammation-driven skin diseases,
such as dermatitis and psoriasis.***° While our subjects
did not develop these conditions during their 3-h expo-
sure to THS, molecular changes characteristic of skin irri-
tation and inflammation occurred, supporting the idea
that dermal exposure to THS could lead to molecular ini-
tiation of inflammation-induced skin diseases.

Chronic exposure to THS may cause other diseases.
Unrepaired DNA damage increases the risk of develop-
ing cancer.*® “Positive regulation of reactive oxygen
metabolic processes” was upregulated at THS 3-h

exposure. &-isoprostane, indicative of lipid oxidation, is
associated with atherosclerosis, cardiac failure, cancer,
and immunological disorders.*’ Protein oxidation causes
protein fragmentation and protein-protein cross-linking,
which impair function, potentially leading to diseases
such as chronic obstructive pulmonary disease (COPD).**

Cigarette smoke-induced atherosclerosis includes
activation of a pro-inflammatory system and remodeled
vasculature.**#+4 Macrophages phagocytose and clear
oxidized lipids and become foam cells, preventing lipid
clots.* In cigarette smokers, vascular smooth muscle
cells (SMCs) increase matrix remodeling and inflamma-
tory gene expression.*® The activation of MMPs causes
vascular SMC apoptosis leading to a loss of vascular
structural integrity.” Our THS-exposed subjects
showed activation of atherosclerosis and similar athero-
genesis-related pathways. IPA predicted “negative regu-
lation of macrophage derived foam cell differentiation”
that would reduce clearance of lipids, leading to accu-
mulation of oxidized lipids in blood vessels. The
“regulation of vascular associated SMC apoptotic proc-
ess” and elevation of inflammation pathways mimic ath-
erogenesis. The “adhesion of blood cells” pathway could
lead to platelet aggregation. Our data suggest that pro-
longed THS exposure could produce arterial plaques
and atherosclerosis, as seen in cigarette smokers.

We explored the predicted molecular proteins that
regulated the biological pathways affected in our sub-
jects. THS exposure activated biological functions asso-
ciated with increased cell migratory and survival
pathways, such as “cell movement”, “cell spreading of
tumor lines”, “migration of cells”, “vasculogenesis”, and
“angiogenesis”. The highest scored IPA THS 3-h net-
work was “cell-to-cell signaling and interaction, cellular
function and maintenance, and infectious disease
pathways”. ERK1/2, a protein-serine/threonine kinase,
was predicted as a central signaling molecule in this
network. ERK1/2 signals in pathways that regulate cell
migration, cell survival, cell cycle progression, differen-
tiation, and proliferation.*® Nicotine binds to nAChR
and B-adrenoceptors resulting in a downstream cascade
of ERK/1/2/Stat3-signaling, which in turn activates NF-
kB transcription of the cell-cycle regulator cyclin D1, a
promoter of cell proliferation.*® The THS 22-h
exposure’s highest scored IPA network was “organismal
injury and abnormalities, inflammatory response, and
infectious disease” pathways. HSPgo, which acts as a
chaperone for ERK1/2,°° was central to interacting with
the majority of proteins in this network. We predict
HSPgo was induced as a survival response to help cells
maintain protein homeostasis and DNA stability in an
oxidative and chemically toxic environment.

Conclusions
Our study demonstrates that acute dermal exposure to
THS increased oxidation of urinary DNA, lipids, and
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proteins and produced changes in the plasma proteome
that are similar to those observed in cigarette smokers.
THS exposure activated the innate immune system,
increased oxidative stress, and elevated biomarkers asso-
ciated with skin diseases, such as contact dermatitis and
psoriasis. Pathways associated with other cigarette-
induced diseases not involving the skin, such as athero-
sclerosis and cancer, were also elevated in THS-exposed
subjects. Though the subjects did not develop these dis-
eases during a 3-h exposure to THS, our results provide
molecular evidence that proteins involved in disease
pathways were elevated in a subset of humans after
acute dermal exposure to THS. Our data, which contrib-
ute to the growing literature on THS,”" will be useful in
devising regulatory policies to limit exposure to THS in
contaminated properties and will enable healthcare
workers to advise their patients on the risks associated
with THS exposure. Electronic cigarettes also deposit a
residue that comes into contact with the skin,>*5*% and
this should be evaluated in future studies. The evalua-
tion of larger populations exposed for longer periods of
exposure would further characterise human health
responses to dermal THS exposure.
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